Present work deals with oxygen mass transfer in an oil-in-water biphasic medium, employed in the production of ␥-decalactone by the biotransformation of methyl ricinoleate. A bubble column contactor was used to carry out the absorption experiments. The influence of operating conditions (gas flow-rate and organic phase composition) upon the gas-liquid interfacial area and mass transfer coefficient has been analysed and experimental results allow describing the mechanism of oxygen transfer from gas phase into the biphasic medium.
Introduction
Reactions involving three-phase systems are frequently found in different industrial processes. In general, the third phase (solid or liquid) dispersed in a gas-liquid system can be a reagent, substrate or a heterogeneous catalyst. Although the majority of works are focused in gas-liquid-solid systems [1] [2] [3] , gas-liquid-liquid systems are gaining importance due to the increase of this type of application in bioprocess and homogeneous catalysis systems [4] .
Nowadays reactors or bioreactors involving two liquid phases (organic and aqueous phases) are used as alternative of other systems because these new reactors may improve the overall process efficiency [4] . Two different fields of application have been considered for these reactors: (i) reactors to clean gaseous streams by means of the capture of pollutant gases (for instance, the presence of an organic phase could enhance the capture of volatile organic compounds due to the hydrophobic nature of these gases) [5] ; (ii) bioreactors that enhance the oxygen mass transfer rate by the addition of an organic phase [6] . This is very important when the oxygen absorption is the limiting step in the global process. In these cases, an increase in the oxygen transfer rate could produce an important increase in the process productivity. Several studies have analysed the effect of different organic liquids (i.e. toluene, dodecane, heptane, etc.) [7, 8] on the oxygen absorption process but different experimental results have been obtained with contradictory conclusions.
Present work uses a system formed by the emulsion of water and methyl ricinoleate (MR), stabilized by Tween 80. This system * Corresponding author. Fax: +34 815 95012.
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has a great interest because it constitutes the biotransformation medium used in the production of ␥-decalactone [9] , a peach-like aroma compound of industrial interest, where the organic phase is the substrate of the process and not an inert compound added only with the aim of enhancing oxygen mass transfer. Previous studies [10] have analysed the influence of operating conditions on oxygen mass transfer and on ␥-decalactone production in a bubbling stirred bioreactor. The aim of present work was to study the oxygen mass transfer mechanism in this biphasic medium, especially the influence of operating conditions to develop the absorption process and the way oxygen is transferred to the biphasic system.
Materials and methods

Medium
The biphasic medium used in this work consists of an aqueousliquid phase and an organic-liquid phase of MR (Stéarinerie Dubois, Boulogne, France), forming an emulsion stabilized by Tween 80 (ref.
P1754, Sigma-Aldrich, Portugal), a non-ionic surfactant derived from polyethoxylated sorbitan and oleic acid, with a molecular weight of 1310 g mol −1 . Different concentrations of MR (from 0% to 1.08% (v/v)) and Tween 80 (from 0% to 0.093% (v/v)) were used in experiments. Silicon anti-foaming (ref. 1.07743 .0100 Merck, Portugal) was employed.
Interfacial tension and viscosity
Liquid-liquid interfacial tension was determined with a Krüss K-11 tensiometer using the Wilhelmy plate method. The plate employed was a commercial platinum plate supplied by Krüss. The platinum plate was cleaned with water and acetone and flamedried before each measurement.
The experimental set-up to carry out viscosity measurements was a capillary viscosimeter (Schott Gerate AVS 350), connected to a thermostated bath. An electronic stopwatch with an accuracy of ±0.01 s was used for measuring efflux times.
Oxygen mass transfer
Oxygen mass transfer studies in the medium were carried out using a square bubble column contactor built in Perspex (polymethylmethacrylate-PMMA) with a working volume of 0.9 L and geometrical characteristics of 4 cm inside side-length and height of 65 cm.
Air was used as gas stream in the gas-liquid contactor and it was fed at the bottom of the bubble column using a five holes sparger. The inlet gas flow-rate was measured and controlled with a mass flow controller (Alicat Scientific, USA).
For the experimental k L a determination, the static gassing-out technique was used [11] . Dissolved oxygen concentration was measured with a polarographic-membrane probe (12/220 T, Mettler Toledo) and monitored with a computer interface (CIODAS08JR, Computer Boards, USA) at 5 s intervals using the software LABtech Notebook, Datalab Solution. To estimate the probe response time ( ), the method that describes the response of the probe to a step in dissolved oxygen concentration by a first-order system was used [11] . The obtained value at 27 • C, of 7 s, was used to correct k L a values.
Between runs, the liquid phases were de-aerated by sparging with compressed nitrogen until only minimum levels of dissolved oxygen remain (≈0% saturation). At this point, air was diffused into the bioreactor until saturation and dissolved oxygen concentration was monitored through operation time.
Other experiments of oxygen absorption in emulsions were performed in a stirred cell. In this contactor, the oxygen transfer occurs through a planar gas-liquid interface. The gas-liquid interfacial area was determined from the geometrical characteristics (internal diameter = 8 cm and height = 15 cm) of the stirred cell. Four baffles have been placed in its internal wall to improve mixing and prevent vortex formation during stirring. The liquid phase volume used in these experiments was 250 mL. Experimental procedure consists in the addition of different quantities of oil to the aqueous phase in the absence of Tween 80. The absorption rate was studied with basis on the variation of oxygen concentration in the liquid phase.
Bubble size distribution
Bubbles diameter was measured using a photographic method based on images of the bubbles taken along the height of the column, from the bottom to the top. A Sony (DCR-PC330E) video camera was used to obtain the images. A minimum number of 50 well-defined bubbles along the bubble column were used to evaluate the size distribution of the bubbles in the liquid phase for the different gas flow-rates tested. The Image Tool v3.0 software was used to carry out the required measurements of the bubbles geometrical characteristics.
Results and discussion
Gas-liquid interfacial area
The use of bubble contactors involves the analysis of the gas-liquid interfacial area generated under the different experimental conditions employed in this study, in order to obtain useful information that allows the understanding of the mass transfer mechanism in this complex system based on the values of the mass transfer coefficient and on the influence of gas flow-rate and liquid phase composition upon this parameter. For this reason the study of gas-liquid interfacial area generated in the bubble column is the first step necessary to analyse the oxygen absorption process.
The gas hold-up is an important parameter that shows information about the flow behaviour into the bubble column. Therefore, the gas hold-up, ε G , was calculated using the difference between the liquid height in the absence of gas in the bubble column and under the different experimental conditions of gas flow-rate fed to the contactor (Eq. (1)) [12] .
where V L is the ungassed liquid volume and V is the volume expansion after gas dispersion, calculated from the liquid level change and the cross-sectional area. The change of volume in the bubble column was calculated based on the change observed in the liquid level and the increase of this value after gassing. Fig. 1 shows the experimental results obtained for the gas holdup in the bubble column. This figure indicates that an increase in the gas flow-rate (or surface gas velocity) produces a clear increase in the value of the gas hold-up with a linear trend. This behaviour (for pure water) corresponds to a homogeneous regime regarding the dependency on gas flow-rate along the bubble column. Similar results for the gas hold-up have been observed for other systems employed in the present work, with surfactant and organic phase (data not shown).
The photographic method used in this work for the gas-liquid interfacial area determination was proposed in previous works [13, 14] . The geometrical characteristics of air bubbles produced in the contactor enable to calculate the value of the gas-liquid interfacial area. Fig. 2 shows an example of the photographs taken from the bubble column. The bubbles produced in the contactor have ellipsoidal shape and for this reason, major (E) and minor (e) axes of the projected ellipsoid (in two dimensions) must be determined. The diameter of the equivalent sphere (d B ) was taken as the representative bubble dimension (Eq. (2)).
Eq. (2) allows determining the diameter distribution of a bubble present along the gas-liquid contactor. Fig. 3 shows an example of the accumulative bubble diameter distribution and the influence of surfactant concentration upon this kind of distribution. The experimental results shown in Fig. 3 allow to conclude that the presence of Tween 80 in the liquid phase produces a clear decrease in the bubble diameter formed in the bubble column, in agreement with Sardeing et al. [15] . The gas-liquid interfacial area can be determined by the procedure described by Painmanakul et al. [16] . The number of bubbles (N B ) is deduced from the terminal rising bubble velocities (U B ), the bubble formation frequency (f B ) and the liquid height in the column (H L ).
The bubble formation frequency (f B ) (i.e., the number of bubbles formed at the membrane orifice per unit time) is determined using Eq. (4).
where V B is the average detached bubble volume and Q G is the gas flow-rate fed to the bubble column. Due to the image treatment system, the terminal rising bubble velocities (U B ) can be estimated for the most frequent bubble diameter:
where y is the variation through the column height of the bubble column and t is the variation of time.
The gas-liquid interfacial area is determined as the ratio between the bubble surfaces (S B ) and the total volume in reactor (V T ) by means of Eq. (6).
Depending on the bubble shape (spherical and ellipsoidal) the bubble surface must be determined using different equations (Eqs. Ellipsoidal shape :
where˛is the ratio between the major (E) and minor (e) axis of the bubble.
On the other hand the total volume is determined employing Eq. (9).
where A is the bubble column cross-sectional area. This experimental methodology allows the determination of gas-liquid interfacial area under the different experimental conditions (liquid phase composition and gas flow-rate) assayed in this work.
Experimental results shown in Fig. 4 indicate the influence of liquid phase composition and gas flow-rate upon the specific interfacial area generated in the bubble column. When gas flow-rate increases, the interfacial area also increases due to the previously observed behaviour caused by this variable upon the gas hold-up (Fig. 1) . The gas hold-up increases with the gas flow-rate because a higher number of bubbles are generated in the sparger, thus increasing the interfacial area. Moreover, since a homogeneous regime is maintained, an increase in the gas flow-rate also increases the bubble size due to low grade of coalescence, but with lower effect upon interfacial area than gas hold-up.
When pure water was employed as liquid phase in the bubble contactor at high values of gas flow-rate, that increase was not observed because at high values of gas flow-rate there is a great number of bubbles that collide producing coalescence and then, the increase in the bubbles diameter. This increase in the bubbles size has a negative effect upon the gas-liquid interfacial area and reduces the positive effect caused by the gas hold-up. Then for pure water the effect caused by coalescence upon gas-liquid interfacial area is higher than the influence caused by gas hold-up. The presence of surfactant in the liquid phase produces a clear increase in the value of the specific interfacial area (Fig. 4) and the increase regards the corresponding value for pure water is higher when the gas flow-rate increases. This behaviour is due to different reasons. One of them is the clear decrease in the liquid phase surface tension when the surfactant concentration increases [17] as it causes the formation of bubbles with minor size, increasing the interfacial area [18] . Also, the presence of surfactant molecules in the liquid phase produces a decrease in the bubbles effective collisions and then the bubbles small size remains constant along the bubble column [19] . Photographs in Fig. 5 confirm that the presence of Tween 80 in the liquid phase produces a decrease in the bubbles size, implying an increase in the gas-liquid interfacial area.
After study the influence of Tween 80 upon the bubbles diameter, gas hold-up and gas-liquid interfacial area, the effect of organic phase addition to the aqueous solutions was also analysed. For this study, different concentrations of methyl ricinoleate (from 0% to 0.54% (v/v)) have been added. The operation conditions regarding the gas flow-rate were kept in the same range of values as used in the experiments depicted above. Surfactant concentration remained constant at its higher value (0.093% (v/v)) in order to maintain the stability of the emulsion. The concentration of organic phase was modified to analyse its influence upon the interfacial area. Fig. 6 shows the influence of organic phase presence upon the bubbles size. As previously mentioned, the addition of Tween 80 to pure water produces a clear decrease in the bubbles size, however when oil is added to the aqueous phase, a continuous increase in the bubbles diameter is observed and, for the highest oil concentration, the bubbles diameter are higher than the corresponding ones for pure water.
Using the same procedure than the previously employed for aqueous solutions of Tween 80, the gas-liquid interfacial area was calculated for the oil-in-water emulsions. The experimental results obtained for these systems are presented in Fig. 7 that show a decrease in the specific interfacial area value when the oil concen- tration increases in the liquid phase. This effect is negligible for the lowest gas flow-rate analysed but when it increases, the presence of the organic phase has an important contribute on the values of interfacial area. This behaviour is assigned to a change in the surfactant concentration at gas-liquid interface because when an organic phase is added to aqueous solutions with Tween 80, a new distribution of surfactant between interface and bulk phases is originated. Interfacial tension measurements between water and methyl ricinoleate allowed confirming this assumption, because a decrease in the value of interfacial tension was observed when Tween 80 was added to the liquid-liquid biphasic system (Fig. 8) . This distribution affects the value of the liquid phase surface tension and consequently bubbles produced under these conditions have higher diameters than the ones formed in the absence of organic phase. Also, the presence of the surfactant in the aqueous phase reduced the coalescence process but in this case, the concentration of surfactant in the gas-water interface decreases and consequently the reduction in coalescence is minor and the bubbles increase their diameter in the ascension along the bubble column.
Gas-liquid mass transfer
Semi-continuous regime has been employed in the present work and Eq. (10) was used to determine the volumetric mass transfer coefficient obtained, using oxygen concentration data along the time.
where k L a is the volumetric mass transfer coefficient, and C* and C are the solubility and dissolved oxygen concentrations, respectively. To use this equation, it is assumed that the mixture is homogeneous within the reactor and the volumetric mass transfer coefficient was determined taking into account the constant time of the oxygen probe. Liquid side mass transfer coefficient has been calculated as the quotient between volumetric mass transfer coefficient and the specific gas-liquid interfacial area determined previously (Section 3.1).
The influence of surfactant concentration upon the value of the mass transfer coefficient is shown in Fig. 9 . An addition of Tween 80 to the liquid phase produces an important decrease in the mass transfer coefficient due to the presence of surfactant molecules at the gas-liquid interface [12] . The presence of surfactant inhibits the mass transfer because its accumulation at gas-liquid interface causes a decrease in the liquid surface elements renewal (turbulence near the interface) and it entails that oxygen concentration in the liquid phase near to the gas-liquid interface is higher than the oxygen concentration in the bulk of the liquid phase. Therefore, the driving force of the absorption process decreases producing the same decrease in the absorption rate.
A similar behaviour has been found by other researchers when they analysed the influence of surfactant concentration in the liquid phase in an absorption process [16] . An important decrease in the mass transfer coefficient at low surfactant concentrations is observed and then a slightly decrease is produced when the surfactant concentration increases in the liquid phase. This slightly decrease in the higher concentration range, is related with the critical micelle concentration of the surfactant in the solvent (CMC Tween 80 = 0.012 mM) [20] . Fig. 9 shows also that an increase in the air flow-rate leads to an increment in the mass transfer coefficient. This effect is due to an increase in the turbulence caused by the bubbles ascension along the bubble column.
The effect of the organic phase on the mass transfer coefficient in this bubble contactor has also been analysed and the experimental results are shown in Fig. 10 . This figure shows that the presence of methyl ricinoleate in the liquid phase produces an increase in the mass transfer coefficient that is more pronounced at high values of gas flow-rate. These results are in agreement with a previous study carried out in a stirred tank contactor with this same system, where an increase in the volumetric mass transfer coefficient in the presence of organic phase was observed [10] . The explanation used for the influence on interfacial area can also be used to justify the behaviour observed regarding the mass transfer coefficient. Therefore, the presence of methyl ricinoleate in the liquid phase produces a new distribution of the surfactant molecules and then a decrease in Tween 80 concentration in the gas-liquid interface must be originated. The presence of surfactant molecules produces a negative effect upon the mass transfer coefficient (Fig. 9) due to a reduction of liquid renewal at interface. Then, the presence of methyl ricinoleate causes an increase in the driving force and it improves the oxygen transfer to the bulk of the liquid phase. This new situation caused by the presence of organic phase is positive for mass transfer.
Other authors have studied the absorption process in biphasic systems and they have observed a maximum in the value of the oxygen mass transfer rate, but for higher organic phase concentrations [21] .
The influence of gas flow-rate upon the mass transfer coefficient value for the emulsion system is similar to previous results for aqueous solutions of Tween 80, occurring an increase in its values when the gas flow-rate also increases. This is caused by the enhancement of turbulence in the liquid phase and at gas-liquid interface.
Several studies [8, 22] show that the influence of an organic phase on absorption processes can be due to the higher absorption capacity of the organic liquid, enhancing the mass transfer. For this reason, additional experimental work has been developed in a flat stirred vessel. Results obtained (Fig. 11) show that an increase in the presence of the organic phase over the water interface produces a decrease in the volumetric mass transfer coefficient (the interfacial area remains constant). This behaviour is due to the higher viscosity of the organic phase ( MR = 68 mm 2 s −1 ) when compared with water ( water = 0.9 mm 2 s −1 ), producing a negative effect upon the mass transfer rate since it reduces the value of gas diffusivity in the liquid phase. Therefore, we consider that the positive effect on the mass transfer coefficient caused by the presence of methyl ricinoleate in this contactor (Fig. 10) is due to the reduction in Tween 80 concentration at gas-liquid interface.
Conclusions
Present work analysed the absorption process of oxygen from an air stream towards a liquid heterogeneous phase composed of an aqueous and an organic phase, forming an emulsion, in a bubbling contactor. The complex nature of this kind of liquid phase implies the knowledge of the influence of each one of the components on the gas-liquid mass transfer process.
Hereby, the presence of the surface active substance used to stabilize the emulsion has a significant effect both on the interfacial area generated in the bubble column and on the mass transfer coefficient due to the accumulation trend of this kind of compound at the gas-liquid interface. The presence of the organic phase has a positive effect on the oxygen mass transfer rate to the liquid phase, but on the other hand, it produces a very clear decrease of the interfacial area, which has a negative effect on the global absorption process.
